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Using a double-glow-discharge-cluster-source system, in which one glow discharge was a dc mode
and the other an rf discharge mode, Co and Si clusters were independently produced and
simultaneously deposited on a substrate. When a separation plate was inserted between two
glow-discharge chambers, a mixture of Co and Si clusters was obtained: small Co clusters were
distributed at random, while the Si clusters were aggregated to form large secondary particles.
Without inserting the separation plate, on the other hand, core-shell clusters were obtained: a Co
core was surrounded by small Si crystallites. The magnetization measurement indicated that the
magnetic coercive force of Co/Si core-shell cluster assemblies was much smaller than that of Co
cluster assemblies in which Co clusters were covered with antiferromagnetic CoO shells, indicating
that the Si shell prevented Co cluster surfaces from their oxidation. Therefore, the present
double-cluster-source system is useful in fabricating various sorts of cluster composites, which
cannot be prepared by conventional coevaporation or precipitation methods. © 2006 American
Institute of Physics. DOI: 10.1063/1.2219699I. INTRODUCTION
Cluster assembling is a unique method for fabricating
nanoscale structure-controlled materials.1 In order to utilize
the size-dependent characteristics of nanoclusters, we have to
make regular size clusters and to prevent their oxidation and
intercluster aggregation. Using a plasma-gas-condensation
PGC-type cluster deposition system, we have succeeded in
preparing monodispersive size transition metal clusters
whose mean diameters d range between 6 and 15 nm with
the standard deviation less than 10% of d.2 With increasing
the deposition time of such clusters on a substrate, only the
number of clusters increases while their initial sizes are
maintained. We have clearly observed geometrical and elec-
trical percolation phenomena3 and a transition from super-
paramagnet to ferromagnet at a certain critical deposition
thickness.4 When we introduce a very small amount of oxy-
gen gas into the deposition chamber, the surfaces of transi-
tion metal clusters are uniformly oxidized.5 Such core-shell
clusters are stable against oxidation in ambient atmosphere
and prohibit the direct contact and coalescence of metallic
cores. The core-shell-type monodisperse Co/CoO cluster as-
semblies thus obtained reveal tunneling-type electrical resis-
tivity and magnetoresistance5 and a macroscopic quantum-
tunneling-type magnetic relaxation at low temperatures,6
where these characteristic features can be well distinguished
from the normal semiconductor-type conductivity and classi-
cal magnetic relaxation at high temperatures.
Moreover, it has been reviewed that impinged atoms and
microclusters migrate on a substrate even at ambient
temperature.1 This feature is attributed to the enhanced dif-
fusion of surface atoms in clusters, surface melting of clus-
ters, and defect-induced diffusion of clusters.7 In such sup-
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alloying:8 discontinuous metal islands formed on a substrate
by thermal evaporation accumulate impinging metal atoms
supplied by postevaporation and become homogeneous alloy
islands as long as their sizes are less than 10 nm in diameter.
In this paper, we describe various sorts of cluster assemblies
obtained by the independent formation of Co and Si clusters
with controlling their collision time and simultaneous
deposition.9 We also mention the magnetic properties of
these Co/Si cluster assemblies.
II. EXPRIMENTAL PROCEDURES
A double source plasma-gas-condensation cluster depo-
sition system was made from a previous co-sputter-
deposition apparatus, which had a couple of facing target-
type sputtering chambers being used for preparing alloy
films.10 One cluster source system was operated with a dc
glow discharge mode for preparing metal clusters and an-
other with an rf glow discharge mode for preparing semicon-
ductor and insulator clusters. As shown in Fig. 1, sputter
glow-discharge chambers 1A and 1B and a deposition
chamber 3 are separated by the air-tight wall and indirectly
connected via a growth duct 2. A separation plate can be
placed and removed between chambers 1A and 1B, where
the vacuum conditions of both chambers are almost the
same. Since a high gas atmosphere from 0.1 to 0.2 kPa was
necessary for the nucleation and growth of clusters in a gas
phase, we reduced the target-shield distance to prohibit a
corona discharge.11 A large amount of Ar gas
99.9999 vol %  was introduced through gas inlets with
variable leak valves whereas chambers 1A and 1B and duct 2
were evacuated via chamber 3 by a mechanical booster pump
3500 m /h to eject the Ar gas, sputtered atoms, and formed
© 2006 American Institute of Physics08-1
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 [This arclusters through the small nozzle, where the Ar gas flow rate
RAr=2.510
−6 m3/s corresponded to the Ar gas pressure in
chambers 1A and 1B, Psp=450 Pa.
When the dc plasma was well controlled, the plasma
sheath was confined near the targets even above 300 W. On
the contrary, the rf plasma was rather unstable in such a high
Ar gas pressure and the sheath could not be confined near the
targets. A corona discharge was often observed when the rf
electric power was higher than 300 W. When both the dc and
rf glow discharges were simultaneously supplied and the
electric power of the rf discharge was higher than 180 W, the
rf and dc discharges often interfered with each other and the
glow discharges became unstable. Therefore, we fixed the rf
power at 150 W and changed the dc power between 180 and
300 W to vary the mixing ratio of Co clusters to Si clusters.
The morphology, size, and structure of Co, Si, and Co/Si
clusters were observed using a transmission electron micro-
scope TEM Hitachi Co., HF-2000 operating at 200 kV.
TEM images were observed for the specimens at the initial
deposition stage and electron diffraction patterns for those at
the late deposition stage. The chemical compositions of Co
and Si were determined by an energy dispersive x-ray EDX
analyzer installed in TEM, where the O content was ne-
glected owing to the quantitative resolution limit. Magneti-
zation curves for the Co/Si cluster assemblies deposited on
FIG. 1. Schematic drawing of double source plasma-gas-condensation ap-
paratus: a top and b side views of the apparatus.polyimide film substrates were measured by a superconduct-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
36.48.170.120 On: Tue, 0ing quantum interface device magnetometer Quantum De-
sign Co., MPMS-5 applying a magnetic field of up to
1600 kA m−1.
III. RESULTS
A. Single source experiment
Figures 2a and 2b show the TEM image and the size
distribution of Co clusters deposited on a TEM grid by the dc
glow discharge with the electric power of 250 W. There are
various size clusters whose distribution reveals double peaks.
The smaller peak corresponds to independently deposited
clusters and the larger one to coalesced clusters, because the
present system could not exclude the deposition of very
small clusters which migrated and merged to other clusters
on the substrate. With the increase in RAr Psp, the average
Co cluster size increases and the size distribution becomes
wider. With the increase in the dc electric power, the average
cluster size also increases, being ascribed to the increase in
vaporized atoms with the electric power. The diffraction pat-
ters of the Co cluster assemblies are indexed as fcc Co and
CoO structures. With decreasing the size of Co clusters to
nanoscale, the fcc structures appear instead of the hcp
structures.4 Since every observation and evaluation of the
cluster assemblies is going after aeration in an ambient at-
FIG. 2. a Bright field TEM image of Co clusters prepared by the dc glow
discharge with the electric power of 250 W. b The size distribution histo-
gram of Co clusters estimated from Fig. 2a.mosphere, the surface of the Co clusters are oxidized.
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 [This arFigures 3a and 3b show the TEM image and the size
distribution of Si clusters deposited on a TEM grid by the rf
glow discharge with the electric power of 150 W. The aver-
age cluster size of Si clusters is larger than that of Co clusters
even though the electric power is lower than that for the Co
cluster preparation. The shapes of Si clusters are irregular
and the size distribution is of a log-normal type, also indi-
cating cluster coalescence. In the electron diffraction ED
patterns, there is no crystal-diffraction line but there are
weak halo rings corresponding to an amorphous Si and/or the
carbon grid.
B. Double source experiment with inserting
the separation plate
Figures 4a and 4b show the TEM images of Co/Si
composite clusters deposited on TEM grids at the dc electric
powers of 250 W with inserting the separation plate between
the chambers 1A and 1B. Figure 4a is the result for a high
cluster density region and Fig. 4b that for a low cluster
density region. The average chemical composition of the
Co/Si composite cluster assembly is 94 at. % Co. Since the
chemical compositions of regions A and B in Fig. 4b were
determined to be 4 at. % Co and 91 at. % Co, respectively,
small clusters are Co rich and the large aggregates to Si rich
ones. Figure 5 shows the electron diffraction pattern of the
Co/Si composite cluster assembly. In order to determine
FIG. 3. a Bright field TEM image of Si clusters prepared by the rf glow
discharge with the electric power of 150 W. b The size distribution histo-
gram of Si clusters estimated from Fig. 3a.crystal structures of Co/Si composite cluster assemblies pre-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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men whose average chemical composition was 42 at. % Co,
which consists of fcc Co rings a=0.354 nm and broad halo
rings overlapping with 111 and 200 lines of fcc Co. There
are weak diffraction rings corresponding to a CoO phase a
=0.426 nm, while there is no diffraction line corresponding
to Co–Si compounds.
Figures 6a and 6b show the magnetization curves at
300 and 5 K for a Co/Si composite cluster assembly with
the average chemical composition of 87 at. % Co prepared at
the dc electric power of 200 W. The magnetization is easily
saturated at both 300 and 5 K, indicating that the specimen is
ferromagnetic. The magnetic coercive force HC is very small,
about 2.5 kA/m at 300 K and about 22 kA/m at 5 K. Figure
7 shows the zero-field-cooled and field-cooled thermomag-
netic curves of the same Co/Si composite cluster assembly
in a magnetic field of 8 kA/m. These gradual temperature
variations suggest that the magnetic interactions between Co
clusters are strong, consistent with ferromagnetic behavior at
FIG. 4. Bright field TEM images of Co/Si composite clusters prepared by
dc and rf glow discharge modes with inserting the separation plate between
two chambers, 1A and 1B. a The TEM image for a high cluster density
region and b that for a low cluster density region. The chemical composi-
tion of region A is 4 at. % Co and that of region B is 91 at. % Co. The
average chemical composition of these clusters is 94 at. % Co.300 K in Fig. 6a.
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 [This arC. Double source experiment without inserting
the separation plate
Figures 8a–8c show TEM images of Co/Si core-shell
cluster assemblies prepared at the dc electric powers of 300,
250, and 180 W without inserting the separation plate be-
tween the chambers 1A and 1B. The average chemical com-
positions of these cluster assemblies are 98, 37, and 28 at. %
Co. As seen in these figures, the dark contrast clusters are
FIG. 5. A selected area electron diffraction pattern of Co/Si composite
clusters deposited on a carbon microgrid by dc and rf glow discharge modes
with inserting the separation plate between two chambers, 1A and 1B. The
average chemical composition of the cluster assembly is 94 at. % Co.
FIG. 6. Magnetization curves at a 300 and b 5 K for a Co/Si composite
cluster assembly with the average chemical composition of 87 at. % Co. The
low-field region is shown in the inset.
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fraction of the former tends to increase with increasing dc
electric power. Figure 9 shows the TEM image of Co/Si
core-shell cluster assemblies prepared at the dc electric pow-
ers of 250 W. The chemical composition of a dark contrast
core region marked by A is about 45 at. % Co and that of a
gray contrast shell region marked by B is about 18 at. %
Co, whereas the average composition of these clusters is
about 22 at. % Co. Figure 10 shows the electron diffraction
pattern of a Co/Si core-shell cluster assembly with the aver-
age chemical composition of 37 at. % Co prepared at the dc
electric power of 250 W. It reveals diffused fcc rings attrib-
utable to Co clusters, broad halo rings attributable to Si
clusters, and no diffraction ring corresponding to CoO. Ow-
ing to the contamination effect, we could not find out
whether Co and Si are mixed in an atomic scale to form a
primary solid solution and/or an amorphous phase. However,
these results clearly demonstrate that a core-shell-type mor-
phology is obtained when Co/Si cluster assemblies are pre-
pared without inserting the separation plate.
Figures 11a and 11b show the magnetization curves
at 300 and 5 K for a Co/Si core-shell cluster assembly
whose chemical composition is 37 at. % Co prepared at the
dc electric power of 250 W. The magnetization is not so
easily saturated at 300 and 5 K in comparison with those in
Fig. 6, indicating that the specimen contains superparamag-
netic particles. HC is about 3.0 kA/m at 300 K and about
59 kA/m at 5 K. Figure 12 shows the zero-field-cooled and
field-cooled thermomagnetic curves of the same sample. In
Fig. 12, the temperature gradients become larger at low tem-
peratures in both the zero-field-cooled and field-cooled
specimens, indicating that magnetic couplings between Co
clusters are weak.
IV. DISCUSSION
A. Morphology and structure of Co/Si clusters
The sizes of present Co clusters are not monodispersed
in comparison with those prepared by using our previous
single-cluster-source PGC system in which several differen-
tially pumped chambers were connected to carry clusters into
higher vacuum spaces and minimize their aggregation.2,3 In
the present experiment, where Psp=450 Pa is much higher
FIG. 7. Thermomagnetic curves measured under the applied magnetic field
of 8 kA/m for zero-field-cooled ZFC and field-cooled FC states of a
Co/Si composite cluster assembly with the average chemical composition of
87 at. % Co.than Psp=100 Pa of the previous system, clusters and vapor-
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 [This arized atoms are prolonged to collide with each other, leading
to a wide cluster size distribution. Moreover, since the trans-
portation path from the cluster source to the deposition
chamber in the previous system about 750 mm was much
longer than that in the present system 350 mm, smaller
clusters were scattered out and not deposited on the sub-
FIG. 8. Bright field TEM images of Co/Si core-shell clusters prepared by dc
and rf glow-discharge modes without inserting the separation plate between
two chambers, 1A and 1B. Their average chemical compositions are a
98 at. % Co, b 37 at. % Co, and c 28 at. % Co.strate, leading to a size selection of larger clusters.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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ters, and the shapes of Si clusters are irregular and not
spherical as shown in Fig. 3. The size distribution curves are
of a log-normal type. The apparently large Si clusters are
secondarily aggregated ones of primary Si clusters,12 prob-
ably because the aggregation is enhanced due to dangling
bonds in primary Si clusters and/or oxidation by remaining
O2 gas. Since these clusters are thermalized in the early stage
of nucleation, the reconstruction of Si atoms and their coa-
lescence are restrained in large Si clusters.
When Co and Si clusters were prepared independently
with inserting the separation plate between the chambers 1A
and 1B, the vaporized atoms and formed cluster nuclei are
very quickly cooled in such a high Ar gas atmosphere, mixed
in the duct 2, and simultaneously deposited on the substrate.
In the equilibrium phase diagram of Co–Si system,13 Co
FIG. 9. Bright field TEM image of Co/Si core-shell clusters. The chemical
composition of region A is about 45 at. % Co and that of region B is about
18 at. % Co, whereas the average chemical composition of these cluster
assemblies is 22 at. % Co.
FIG. 10. A selected area electron diffraction pattern of a Co/Si core-shell
cluster assembly with the average chemical composition of 37 at. % Co.
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 [This arforms the primary solid solution up to 16 at. % Si at about
1500 K, while Si forms almost no primary solid solution up
to 1700 K. Since the Co- and Si-cluster sizes are also larger
than the critical size of about 10 nm for the occurrence of the
instantaneous alloying,8 it is reasonable that fcc Co and
amorphous Si clusters coexist on the substrate.
Since the Co and Si targets are at intervals of 150 mm
see Fig. 1, vaporized Co and Si atoms form cluster nuclei
and grow independently without the separation plate. When
these cluster nuclei are mixed before they enter the duct 2,
Co- and Si-cluster nuclei collide with each other. Since the
surface tension of Si is much lower than that of Co,14 Si
clusters cover Co cluster surfaces to form the core-shell clus-
ters, suppressing the coalescence and growth of Co clusters,
where the slight mixing and alloying of Co and Si clusters
cannot be excluded due to the limitation of nanoscale struc-
tural and chemical analyses. The immiscible characters are
quite different from our previous experiment in which we
obtained homogeneously alloyed clusters using the single dc
glow-discharge source.15,16 In the equilibrium phase dia-
gram, moreover, Co and Si form very stable intermetallic
compounds, CoSi, Co2Si, and CoSi2,
13 indicating that their
formation enthalpies are negative and their absolute values
are so large that Co–Si alloy clusters have been expected in
contrast to the present results. Indeed, there have been a lot
of reports on the instantaneous alloying of nanoscale island-
like clusters on substrates with postdeposited atoms at ambi-
ent temperature8 and silicides were formed when islandlike
Co films were deposited on a silicon substrate and annealed
above 700 K.17 Moreover, Co silicidation has been used as
an interconnect for very large scale integrated VLSI de-
vices. When Co atoms were deposited on the cleaned Si
substrate, the formation of Co silicides was enhanced by the
absorption of Co atoms on particular sites of a Si surface in
room temperature.18 Whereas on the oxidized and H atom
19,20
FIG. 11. Magnetization curves at a 300 and b 5 K for a Co/Si core-shell
cluster assembly with the average chemical composition of 37 at. % Co. The
low-field region is shown in the inset.terminated Si surfaces, on the other hand, the Co silicid-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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mal annealing. In our experiment, Co and Si clusters and
their nuclei collide with each other in the duct 2 and/or on
the substrate. Even though, intercluster atom diffusion is sup-
pressed and Co and Si clusters do not coalesce to form alloy
clusters at their contact and/or collision events. In order to
explain the present results, we have to take into account of
the vacuum condition 0.1 Pa of the cluster deposition
chamber being about three orders of magnitude larger than
the previous experiment.2,21 If chemically active Si cluster
surfaces are oxidized by O2 impurity, the alloying of Si with
Co are severely suppressed.
B. Magnetic properties of Co/Si cluster assemblies
The magnetic properties of present Co/Si cluster assem-
blies are discussed in comparison with that of Co cluster
assemblies. The enhancement of magnetic coercivity in Co
cluster assemblies has been ascribed to the surface oxidation
of Co clusters because CoO oxide layers are antiferromag-
netic, yielding strong exchange coupling with ferromagnetic
Co core.6 Since the irregular interfaces between Co cores and
CoO shells give rise to spin-glass-like random anisotropy
which disturbs the alignment of Co core moment along the
applied field direction.22–24 The magnetization curves shown
in Figs. 6 and 11, however, indicate that the magnetic coer-
civity of Co/Si cluster assemblies prepared both with and
without inserting the separation plate are much smaller than
those of simple Co cluster assemblies.22 This character is
more marked at 5 K. As shown in the electron diffraction
patterns, the diffraction rings attributed to CoO are slightly
detected in Fig. 5 but not in Fig. 10. These results suggest
that the Co/Si core-shell cluster assemblies are not easily
oxidized in ambient atmosphere.
The present Co/Si composite cluster assemblies are po-
rous and the magnetic interaction between Co clusters is of a
magnetic dipole type, resulting in weak random anisotropy.22
It is worth comparing the thermomagnetic curves of zero-
field-cooled states between the Co/Si cluster assemblies pre-
pared with and without inserting the separation plate. In Fig.
7, the M /Ms value field cooled FC monotonically in-
creases with T, suggesting that the sizes of Co clusters are
widely distributed due to agglomeration. In Fig. 12, on the
FIG. 12. Thermomagnetic curves measured under the applied magnetic field
of 8 kA/m for zero-field-cooled ZFC and field-cooled FC states of a
Co/Si core-shell cluster assembly with the average chemical composition of
37 at. % Co.other hand, it rapidly varies at low temperatures, revealing a
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 [This armore marked convex curve. This feature and the nonsatura-
tion behavior in Fig. 11 suggest that the Co/Si core-shell
cluster assembly has a superparamagnetic character probably
because Si shells interrupt the magnetic interaction between
Co clusters.
V. CONCLUSION
We have obtained simple mixtures of Co and Si clusters
when they are independently formed and mixed in the later
stage while core-shell clusters when they are also indepen-
dently formed but mixed with each other in the early stage.
At the present, we cannot explain the immiscibility between
nanometer size Co and Si clusters. However, these unique
results suggest the forming ability of various sorts of Co and
Si nanocomposite materials using the present double-cluster-
source system. In particular, core-shell clusters are promising
for use as stable nanobuilding blocks.
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